Abstract Purpose: Insulin-like growth factor type I receptor (IGF-IR) plays critical roles in epithelial cancer cell development, proliferation, motility, and survival, and new therapeutic agents targeting IGF-IR are in development. Another receptor tyrosine kinase, the epidermal growth factor receptor (EGFR), is an established therapeutic target in head and neck cancer and IGF-IR/EGFR heterodimerization has been reported in other epithelial cancers. The present study was undertaken to determine the effects of anti^IGF-IR therapeutic targeting on cell signaling and cancer cell phenotypes in squamous cell carcinomas of the head and neck (SCCHN). Experimental Design: The therapeutic efficacy of the human anti^IGF-IR antibody IMC-A12 alone and in combination with the EGFR blocking antibody cetuximab (C225) was tested in SCCHN cell lines and in tumor xenografts. Results: IGF-IR was overexpressed in human head and neck cancer cell lines and tumors. Pretreatment of serum-starved 183A or TU159 SCCHN cell lines with A12 (10 Ag/mL) blocked IGF-stimulatedactivationof IGF-IR, insulinreceptor substrate (IRS)-1and IRS-2, mitogen-activated protein kinase, and phosphatidylinositol 3-kinase. A12 induced G 0 -G 1 cell cycle arrest and blocked cell growth, motility, and anchorage-independent growth. Stimulation of head and neck cancer cells with either IGF or EGF resulted in IGF-IR and EGFR heterodimerization, but only IGF caused activating phosphorylation of both receptors. Combined treatment with A12 and the EGFR blocking antibody C225 was more effective at reducing cell proliferation and migration than either agent alone. Finally, TU159 tongue cancer cell xenografts grown in athymic nude mice were treated thrice weekly for 4 weeks with vehicle, A12 (40 mg/kg i.p.), C225 (40 mg/kg i.p.), or both agents (n = 8 mice per group; 2 tumors per mouse). Linear regression slope analysis showed significant differences in median tumor volume over time between all three treatment groups and the control group. Complete regression was seen in 31% (A12), 31% (C225), and 44% (A12 + C225) of tumors. Conclusion: Here we found the overexpression of IGF-IR, the functional heterodimerization of IGF-IR and EGFR, and effective therapeutic targeting of these receptors in human head and neck cancer xenografts.
Squamous cell carcinoma of the head and neck (SCCHN) is the fifth most common cancer worldwide and is a significant source of cancer morbidity and mortality in the United States (1) . Despite decades of research and treatment advances, there has been little improvement in patient 5-year survival rates, with local recurrence, second primary cancers, and local and distant metastases remaining significant barriers to disease eradication. Recent advances in molecularly targeted cancer therapeutics have shown some early success. One such target is the epidermal growth factor (EGF) receptor (EGFR), which is highly expressed in 40% to 90% of human SCCHN (2) . Systemically circulating and locally produced ligands such as transforming growth factor-a activate EGFR and initiate intracellular signaling cascades. This signaling leads to increased cell proliferation, resistance to apoptotic stimuli, enhanced cell motility, and local production of angiogenic factors (2) . Blockade of EGFR signaling via systemic administration of blocking antibodies or small-molecule receptor tyrosine kinase inhibitors has been shown to effectively reduce SCCHN aggressive cell phenotypes, block angiogenesis, and induce cancer cell death, but long-term follow up data are currently lacking and these agents have proved effective only in subsets of patients (3) .
A newly emerging target for cancer chemotherapy is the insulin-like growth factor (IGF) signaling axis. Both preclinical research and clinical investigations have implicated the IGF type I receptor (IGF-IR) and its ligands IGF-I and IGF-II in the development and progression of a number of human cancers (4 -6) . Increases in systemically circulating IGF-1 levels and elevated tissue IGF-IR expression are associated with increased risk of numerous cancer types and more rapid disease progression (4) . The binding of IGF-I or IGF-II to the IGF-IR initiates conformational changes in this tetramer transmembrane receptor tyrosine kinase that initiate autophosphorylation and subsequent activation of Ras-Raf-mitogen-activated protein kinase and phosphatidylinositol 3-kinase-protein kinase B/AKT signaling cascades. IGF-IR can stimulate a wide variety of responses in cells, including cell proliferation, cell differentiation, changes in cell size, cell adhesion and motility, and resistance to apoptotic stimuli. High expression of IGFs and IGF-IR has also been associated with tumor metastatic potential (7 -9) . Furthermore, overexpression of a constitutively active IGF-IR in the mouse mammary gland is sufficient for tumorigenesis (10) , whereas expression of a dominant negative IGF-IR blocked cell transformation by Ras (11) .
The fundamental role of IGF-IR as a cell survival factor has been shown in a variety of cell types and IGF-IR expression is inversely related to susceptibility to apoptosis (12) . The proliferative and antiapoptotic effects of IGF-IR signaling are mediated through an adaptor protein called insulin receptor substrate 1 (IRS-1), which functions as a scaffold protein and facilitates the activation of a number of signaling molecules (4, 5) . The adaptor protein IRS-2 is also activated by IGF-IR tyrosine kinase activity. On activation, IRS-2 facilitates focal adhesion kinase phosphorylation, dissolution of both focal adhesions and actin stress fibers, and enhanced cell motility (13) . Along these lines, stable expression of a dominant negative IGF-IR blocked the ability of breast cancer xenografts to metastasize (14) . IGF-IR has also been shown to directly interact with h 1 integrin complexes (15) . Thus, there may be a regulatory link between IGF-IR, specific integrin-mediated focal adhesion complexes, and the regulation of cell motility and invasion.
To date, there are no studies investigating the expression or function of IGF-IR in human head and neck cancer. Given the integral role of this signaling axis in organismal development, cell regulation, and cancer development and progression in other disease settings, we recently initiated studies into the expression and biological significance of IGF-IR in head and neck cancer.
Materials and Methods
Cell culture and reagents. The human head and neck cancer cell lines TU159, 183A, and 1483 (16) were provided by Reuben Lotan (M.D. Anderson Cancer Center, Houston, TX) and all others were from the laboratory of Gary Glayman (M.D. Anderson Cancer Center, Houston, TX). All cells were grown in DMEM/F-12 nutrient mixture (1:1) supplemented with 10% FCS. Specific antibodies against the following antigens were used: phospho-p42/p44 extracellular signal -regulated kinase (ERK), phospho-S473 AKT, phospho-Y1086 EGFR (Cell Signaling Technology); IGF-IRa (3B7), IGF-IRh (C20), ERK2 (Santa Cruz Biotechnology); phospho-Y1158/1162/1163 IGF-IR, phospho-Y612 IRS-1, phospho-S731 IRS-2 (Biosource International); and vinculin (Sigma Chemical Co.). Antimouse and antirabbit horseradish peroxidase conjugates were from Amersham. Antibody against proliferating cell nuclear antigen (PCNA) was purchased from Genetex. Human recombinant IGF and EGF were purchased from Calbiochem. The therapeutic monoclonal antibodies IMC-A12 and C225 (cetuximab, Erbitux) were kindly provided by ImClone Systems, Inc. In all experiments, analytic or reagent grade products were used without further purification.
Cell culture, reporter assay, cell growth, and RNA interference. Cell lines were maintained in DMEM/F-12 (1:1) supplemented with 10% FCS. For cell growth assays, cells were grown in six-well plates and treated as described. Cells were trypsinized and counted with a Coulter counter at the indicated times. Alternatively, cells were seeded (10,000 per well) in 96-well plates, treated as described, and then subjected to tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell viability assays as previously described (17) . RNA interference transfections were done using OligofectAMINE (Invitrogen) according to the manufacturer's protocol. A pool of four target verified individual siRNA oligos directed against IGF-IR was purchased from Dharmacon. Seventy-two hours was allowed to elapse after transfection to allow efficient silencing of the gene. The selectivity of IGF-IR knockdown was evaluated by Western blot.
Cell extracts, immunoblotting, and immunoprecipitation. To prepare cell extracts, cells were washed thrice with PBS and then lysed in NP40 lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 137 mmol/L NaCl, 10% glycerol, 1% NP40, 50 mmol/L NaF, 1Â protease inhibitor mixture (Roche Biochemical), and 1 mmol/L sodium vanadate] for 15 min on ice. The lysates were centrifuged in an Eppendorf centrifuge at 4jC for 15 min. Cell lysates containing equal amounts of protein (f100 Ag) were resolved on SDS-polyacrylamide gels (8-10% acrylamide), transferred to nitrocellulose membranes, probed with the appropriate antibodies, and developed using the enhanced chemiluminescence method (Amersham). Immunofluorescent labeling and confocal microscopy. The cellular localization of proteins of interest was accomplished by indirect immunofluorescence as previously described (18) . Briefly, TU159 cells were plated on sterile glass coverslips in six-well plates and allowed to attach overnight. Following appropriate experimental treatments, cells were rinsed twice in PBS, fixed in 4% phosphate-buffered paraformaldehyde for 15 min, and permeabilized in acetone at -20jC for 4 min. Following permeabilization, cells were blocked in 5% normal goat serum-PBS for 30 min, incubated with a primary antibody against IGF-IR for 1 h at room temperature, washed thrice in PBS, and then incubated with goat anti-mouse secondary antibodies conjugated with Alexa Fluor 488 (green; Molecular Probes). Finally, cells were counterstained with Alexa Fluor 546 (red) -conjugated phalloidin (for detecting F-actin) and the DNA dye Topro-3 (blue; Molecular Probes). Microscopic analyses were done using an Olympus FV300 laser scanning confocal microscope in accordance with established methods, using sequential laser excitation to minimize the possibility of fluorescence emission bleed through. Each image is a single Z section at the same cellular level and magnification.
Wound healing assay. Cell migration potential was also assessed using an established wound healing assay as previously described (19) . Briefly, 183A or TU159 cells were plated onto 60-mm dishes in 10% FCS-DMEM. When cells were 80% to 90% confluent, they were rinsed twice in PBS, then cultured in serum-free DMEM for 24 h. The confluent monolayer of cells was then wounded by scraping a narrow 200-mL pipetman tip across the plate in six parallel lines. Cells were rinsed twice in PBS and wound widths were measured by phasecontrast microscopy using Zeiss Axiovision 3.1 software. Cells were then grown in 0% DMEM or medium supplemented with the agents IGF (10 ng/mL), A12 (10 Ag/mL), and/or C225 (100 nmol/L). After an additional 24 h, each plate was examined again for the amount of wound closure by measuring the physical separation remaining between the original wound widths. Ten separate measurements were made per plate and each experiment was done in triplicate. Data were expressed as arbitrary units of the mean values (FSD) of three experiments. Data were analyzed using PRISM software (GraphPad Software, Inc.). Analyses included using the Kruskal-Wallis test for overall significant differences followed by Dunn's multiple comparison tests for pair wise analyses of differences within an experiment. Significance was accepted if P < 0.05.
Soft-agar and tumorigenicity assays. Soft-agar colony growth assays were done as previously described (20) . Briefly, 1 mL of 0.6% Difco agar in DMEM supplemented with 10% fetal bovine serum and insulin was layered onto cell culture plates. Test cells (1 Â 10 4 ) mixed with 1 mL of 0.36% bactoagar solution in DMEM were layered on top of the 0.6% bactoagar layer. The plates were incubated at 37jC in 5% CO 2 for 21 days.
For tumor xenograft studies, 6-to 8-week-old athymic (nu/nu) mice (Charles River Laboratories; eight mice per group) were given bilateral dorsal hind flank injections of TU159 SCCHN cells (1 Â 10 6 ) suspended in 30% Matrigel in HBSS (Becton Dickinson). Body weights were measured twice weekly before and throughout the experimental period and no significant differences were noted between control and treatment groups (data not shown). Tumor volume was measured with calipers (volume = L Â w Â w Â 0.52) and treatment started when tumors were 100 to 200 mm 3 . Mice with palpable tumors were randomized into four groups and were given i.p. injections of sterile PBS (vehicle control), C225 (40 mg/kg), A12 (40 mg/kg), or C225 + A12 (40 mg/kg each drug) three times a week for 4 weeks, with tumor volume recorded. At the end of 4 weeks, mice were sacrificed by cervical dislocation and tumors were excised and fixed in 10% buffered formalin. All animal procedures were approved by the institutional animal care and use committee at University of Texas M.D. Anderson Cancer Center (Houston, TX) and were monitored by the institutional veterinary staff.
Formalin-fixed, paraffin-embedded tumor sections were deparaffinized in xylene, rehydrated in graded ethanol, and subjected to routine histologic staining with Mayer's H&E. Stained tumor sections were examined and photomicrographs captured using an Olympus BX51 microscope and Olympus DPManager software. For immunohistochemical detection of PCNA, xenograft sections were deparaffinized with xylene, rehydrated using graded ethanol, incubated in 0.3% H 2 O 2 and methanol for 30 min to inactivate endogenous peroxidase, boiled for 20 min in 0.01 mol/L citrate buffer, and cooled for 30 min at room temperature to expose antigenic epitopes. The sections were incubated with 2% normal goat serum in 1% bovine serum albumin and PBS for 30 min and then with anti-PCNA antibodies and incubated overnight at 4jC. The sections were washed thrice with 0.05% Tween in PBS for 10 min, incubated with secondary antibody, developed with 3,3 ¶-diaminobenzidine-H 2 O 2 , and counterstained with Mayer's hematoxylin. Negative controls were done by replacing the primary antibody with the immunoglobulin G.
Results and Discussion
IGF-IR in head and neck cancer. To establish the expression and importance of IGF-IR in human head and neck cancer, we screened a panel of seven SCCHN cell lines and normal human epidermal keratinocytes for IGF-IR protein expression. We found that five of seven cell lines expressed IGF-IR at varying levels (Fig. 1A) . IGF-IR levels were also verified in 12 human head and neck cancers by Western blot (Fig. 1B) , with seven tumors showing elevated IGF-IR protein levels compared with paired normal tissue samples (Fig. 1C) . These data show for the first time elevated IGF-IR expression in human SCCHN tumors.
We next wished to determine whether IGF-IR expression was important for the growth and/or survival of SCCHN cell lines.
Using low (183A) and high (TU159) IGF-IR -expressing cell lines, IGF-IR protein expression was inhibited using IGF-IRspecific siRNA (Fig. 1D) . IGF-IR -specific but not control nonspecific siRNA significantly inhibited the growth of these two cell lines (Fig. 1E) , although no induction of morphologically evident apoptotic cell death was observed (data not shown).
The anti -IGF-IR therapeutic antibody A12 blocks IGF-induced IGF-IR signaling in SCCHN. Ligand-induced activation of IGF-IR initiates signaling through multiple major mitogenic and survival pathways, beginning with phosphorylation and activation of the adaptor proteins IRS-1 and IRS-2. IRS-1 and IRS-2 contain conserved pleckstrin homology domains adjacent to a phosphotyrosine binding domain that mediates interaction with the phosphorylated and activated IGF-IR-h subunit. On binding, IRS-1 and IRS-2 become rapidly phosphorylated at multiple sites, triggering conformational changes that facilitate interaction with a number of signaling intermediates and the propagation of signal transduction cascades (21) . Increasing recognition of the importance of IGF-IR signaling in the growth and survival of several types of human solid tumors has led to the development of inhibitory agents as novel human cancer therapeutic agents (22) . One such agent is the human monoclonal antibody IMC-A12 (A12), which is an effective anticancer therapeutic agent against multiple tumor types in preclinical model systems (23 -25) .
To determine if IGF-IR activation influenced intracellular signal transduction pathways in SCCHN, 183A cells were grown in complete medium supplemented with 10% FCS or in medium without serum (0%). After 48 h, cells in 0% medium were stimulated with the IGF-IR ligand IGF (10 ng/mL) alone for 10 min, with IGF after 30-min pretreatment with increasing concentration of A12, or with A12 alone (Fig. 2) . As expected, IGF treatment rapidly stimulated autophosphorylation of IGF-IR, leading to the phosphorylation of IRS-1. Both these proteins showed decreased phosphorylation as compared with IGF treatment alone when cells were preincubated with A12 (range, 0-10 Ag/mL). Thus, A12 effectively blocked the initiation of IGF signaling in 183A cells (Fig. 2 and Suppl. Fig. S1 ).
We next examined major downstream ERK 1/2 mitogenic and AKT cell survival signaling pathways for activation by IGF and blockade by the A12 monoclonal antibody. ERK 1/2 was phosphorylated following IGF treatment (Fig. 2 ), but this activation was blocked by pretreatment with A12. AKT showed constitutive phosphorylation on Ser
473
, which is indicative of activated AKT. This phosphorylation increased slightly after IGF treatment and was slightly inhibited by A12 treatment. The same results were obtained in another SCCHN cells, TU159, except there is no change in the levels of phospho-AKT after A12 treatment (Supplementary Figure) . It is interesting to note that these cells did not express detectable levels of phosphatase and tensin homologue (PTEN; data not shown), and a lack of PTEN has been correlated with constitutive AKT activity in head and neck (26, 27) and other solid tumor types. Indeed, constitutive activating phosphorylation of AKT is frequently observed in tongue cancer and other SCCHN (27, 28) . Several factors may contribute to constitutive AKT phosphorylation, but loss of PTEN and up-regulation/amplification of PI3K3CA isoform (110a subunit) seem to be mutually exclusive (27) .
A12 blocks cell proliferation and causes G 1 cell cycle arrest in exponentially growing SCCHN cells. Given that IGF-IR knockdown inhibited SCCHN cell proliferation and because the therapeutic antibody A12 effectively blocked IGF-induced mitogenic signaling through IRS-1 and ERK 1/2, we next sought to determine if A12 could affect the growth of exponentially growing SCCHN cells. We found a dosedependent reduction in the number of viable cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and in cell proliferation by direct cell counts in cells that were treated with A12 ( Fig. 3A and B) . These decreases were similar in cell lines expressing low (183A) and high (TU159) levels of IGF-IR, implying the possibility of existence of another independent mechanism. Many antiproliferative agents delay cell cycle progression or induce cell cycle arrest as a means of reducing cell proliferation. To determine if a change in cell cycle distribution might explain the reduced cell growth following A12 treatment, we did fluorescence-activated cell sorting analysis of cells treated with increasing concentrations of A12 (Fig. 3C) . We found that A12 induced G 1 cell cycle arrest in TU159 cells (Fig. 3C ) and in 183A cells (data not shown). G 1 arrest and inhibition of cell cycle progression following blockade of IGF-IR have been noted in cancer cells from tissues of other origin (22) and in cancer cells treated with other growth factor receptor inhibitors such as the anti-EGFR antibody C225 (29) . Thus, IGF-IR inhibition with the blocking antibody A12 induces G 1 cell cycle arrest and seems to be an effective tool for reducing the proliferation of SCCHN.
A12 induces actin stress fibers, blocks cell migration, and inhibits anchorage-independent growth of SCCHN cells. The IGF signaling axis has been shown to be a critical regulator not only of cell proliferation and survival but also of cell motility. Indeed, IGF signaling can influence focal adhesion stability, cell-to-cell contacts, and cell metastasis through its substrate IRS-2 as well as through direct interaction of IGF-IR and integrin complexes in cell focal adhesions (15) . Dynamic actin accumulation at the cell periphery is typical of proliferative and motile cells, whereas more static actin structures such as thick actin stress fibers crossing the length of cells are characteristic of growth-inhibited, nonmotile cells (30) . To determine if A12 might be inducing actin stress fibers or relocalization of IGF-IR in SCCHN, exponentially growing TU159 cells were treated with A12 (10 Ag/mL) for 2 days, then cells were fixed and immunofluorescently labeled for IGF-IR (green), F-actin (red), and DNA (blue). Results indicate that IGF-IR was typically localized at the cell periphery with little F-actin present and mainly at the cell borders (Fig. 4A) . However, after A12 treatment, IGF-IR protein expression was reduced, the receptor was mainly localized to the cell cytoplasm, and cells displayed long, thick fibers of F-actin. These results indicated that A12-treated cells may indeed be less motile. IGF-IR internalization and decreased expression following A12 treatment have also been previously reported (25) . Receptor internalization and degradation, in addition to inhibition of signaling, may contribute to the mechanism(s) of action of A12 against SCCHN.
To determine if A12 affected cell motility, 183A and TU159 cells were plated onto cell culture dishes at high density, and when cells became confluent, the cell monolayer was wounded. After baseline wound widths were assessed, cells were incubated in control conditions (no serum), treated with IGF (10 ng/mL), or treated with IGF and A12 (10 Ag/mL), and allowed to grow for 24 h. The difference in wound widths from time 0 to 24 h was assessed and it was found that A12 significantly inhibited IGF-induced wound closure (Fig. 4B) . These results indicate that IGF induced cell motility in human SCCHN cells and that A12 effectively blocked IGF-induced cell migration.
As an additional test of the ability of A12 to inhibit typical aggressive cancer cell phenotypes, we assessed its influence on anchorage-independent cell growth, an in vitro measure of tumorigenicity. Both 183A and TU159 SCCHN cells formed colonies when grown in soft agar, but A12 effectively inhibited colony formation in a dose-dependent manner (Figs. 4C and D) . Thus, A12 treatment of SCCHN cells alone inhibited cell cycle progression, mitogenic signaling, cell proliferation, cell motility, and in vitro tumorigenicity.
IGF stimulates IGF-IR/EGFR heterodimerization and receptor activation that is sensitive to A12. The frequent requirement of a functional IGF-IR signaling axis for effective EGF mitogenic cell signaling is well established but has taken on new significance with the development of EGFR-directed cancer therapeutics (reviewed in ref. 31 ). Because EGFR is frequently overexpressed in human head and neck cancer and IGF-IR has been reported to mediate resistance to anti-EGFR -based therapies in other solid tumors (32 -34), we decided to test if EGFR and IGF-IR could heterodimerize in SCCHN. We found that when serum-starved TU159 cells were stimulated with either IGF or EGF, EGFR could be immunoprecipitated with an anti -IGF-IR antibody (Fig. 5A ). This ligand-stimulated heterodimerization may result in receptor activation because serum-starved TU159 cells showed significant autophosphorylation of EGFR Tyr 1086 following IGF treatment (Fig. 5B) . This activation could be inhibited by preincubation of serum-starved cells with the anti -IGF-IR antibody A12 before ligand treatment. We also wished to see if this ligand-stimulated receptor tyrosine kinase cross talk and activation was bidirectional (i.e., IGF and EGF caused receptor heterodimerization and IGF stimulated EGFR autophosphorylation, but could EGF cause IGF-IR autophosphorylation as a measure of receptor activation). Results indicated that although both IGF and EGF stimulated heterodimerization, IGF-IR was not phosphorylated following EGF treatment (Fig. 5C ). As expected, the anti-EGFR antibody C225 reduced EGF-induced EGFR phosphorylation. It is interesting to note that in the squamous carcinoma cell line HN5, which overexpresses EGFR but also expresses IGF-IR, the small-molecule EGFR receptor tyrosine kinase inhibitor erlotinib (OSI-774) was able to block IGF-induced activation of ERK 1/2 signaling but had no effect on AKT activation (34) . Thus, some of the downstream signaling effects of IGF-IR activation may rely on EGFR activation.
Because EGFR and IGF-IR regulate overlapping downstream signaling pathways and we were able to detect functional heterodimerization of these two receptors in SCCHN, we next tested the possibility that blocking both of these receptors with therapeutic antibodies may prove more effective than treatment with single agents alone. Results indicate that the combination of A12 and C225 was more effective than single agents at reducing cell growth (Fig. 5D) . Interestingly, the combination of A12 and C225 was only slightly better than A12 alone at reducing IGF-induced cell motility (Fig. 5E) ; C225 alone was able to significantly reduce the IGF stimulatory effect. These results suggest that, as was reported for ERK activation in HN5 squamous carcinoma cells (35) , IGF-induced cell motility may rely, in part, on EGFR activation and/or EGFR-IGF-IR signaling.
EGFR and IGF-IR blocking antibodies, alone and in combination, cause tumor regression in TU159 xenografts. To test the potential therapeutic efficacy of the anti -IGF-IR antibody A12, alone or in combination with the anti-EGFR antibody C225, TU159 cells were grown s.c. in athymic nude mice. Established Research.
on June 8, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from tumors were treated thrice a week for 4 weeks with i.p. injections of vehicle, A12, C225, or both A12 and C225 at doses that had proved effective in other model systems (23, 24, 36 -39) . Weight gain during initial tumor growth and during treatment was not significantly different between the treatment groups (data not shown), providing one indication that no significant systemic morbidity had occurred. These results are similar to those reported when prostate cancer xenografts were successfully treated with A12 (24) .
Treatment with A12, C225, or the combination all caused negative tumor growth slopes that were significantly different from that of the control group by linear regression analysis (Fig. 6A) . In the A12 treatment group, 13 of 16 tumors showed either no change or a decrease in volume, with five tumors that completely regressed (Fig. 6B) . C225 alone was also quite effective, with all tumors showing either no growth (1 of 16), regression (10 of 16), or complete regression (5 of 16). Results were similar for the combination treatment group, with only one tumor that increased in volume during the 4-week treatment period and 7 of 16 (44%) of tumors that completely regressed. This the first report of the potential therapeutic efficacy of either A12 or C225 against human tongue cancer xenografts. The doses chosen were so effective in this model system that a possible additive or synergistic benefit to combining these two agents could not be shown with the current data set. One explanation for C225 efficacy in this model system is that C225 has been reported to show enhanced antitumor activity in PTEN-deficient cancer cells (40) . However, mounting data from other cancer types imply that combining A12 and C225 may prove more effective than single agents and at lower doses, decreasing the risk of treatment-related side effects and possibly overcoming tumor resistance to anti-EGFR therapies (32, 34, 41) . Future experiments are planned to address this issue.
Finally, it is interesting to note that there were significant differences in tumor histology between the different treatment groups. Specifically, the control group and C225-treated tumors showed moderate to poor differentiation with significant areas of necrosis, whereas the A12 and A12 plus C225 treatment groups displayed significant squamous differentiation with elongated, flattened cells and numerous keratin pearls (Fig. 6C) . Immunohistochemical analysis for the proliferation marker PCNA showed that there is a significant decrease in the staining intensity of PCNA in A12-and C225-treated groups as compared with control. The decrease in PCNA is much more pronounced in A12 + C225 -treated group (Fig. 6C, right) . IGF-IR signaling has been reported to inhibit normal squamous differentiation of keratinocytes and tissue organization in in vitro skin models (42) ; thus, inhibition of IGF-IR through A12 therapy may actually be causing the TU159 cell line to differentiate. Thus, in addition to the potential for combinations of A12 and C225 to more effectively reduce or eliminate A, TU159 cells were grown in medium with 10% FCS or 0% FCS +/-IGF (10 ng/mL) or EGF (10 ng/mL) stimulation for 10 min. Cells were then lysed, proteins immunoprecipitated with an anti^IGF-IR antibody, and protein detected by Western blot. B, TU159 cells were treated as described, then analyzed by Western blot for phospho-Y1086 EGFR or total EGFR protein. C, TU159 cells were treated as described, then analyzed by Western blot for the indicated phosphorylated or total proteins with specific antibodies (IGF, 10 ng/mL; EGF, 10 ng/mL; C225, 100 nmol/L). D, cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay inTU159 and 183A SCCHN cells grown in medium with 10% FCS and treated with nothing (control), immunoglobulin G (10 Ag/mL), A12 (10 Ag/mL), C225 (100 nmol/L), or A12 + C225, for 48 h. Control cell values were normalized to 100%. Columns, mean of four independent experiments; bars, SD. E, TU159 cells were grown to confluency, wounded, and then incubated with IGF alone or IGF plus A12, C225, or A12 + C225 for 24 h. Each plate was examined by phase-contrast microscopy for the amount of wound closure. Ten separate measurements were made per plate and each experiment was done in triplicate. Columns, mean of three experiments; bars, SD. * and tumor burden with fewer C225-induced treatment-related side effects, A12 may provide the additional benefit of inducing squamous differentiation in remaining tumor cells. In many cases, complete removal of head and neck tumors either causes significant morbidity or is not possible due to complicated tumor presentation and local tissue invasion. Through A12-induced differentiation of any remaining tumor burden, this potential new therapy may decrease the possibility of tumor recurrence or of second primary tumors in this disease. However, it will also be important to carefully evaluate the safety and possible unique side effects of anti -IGF-IR therapies because down-regulation of the insulin receptor has been reported with anti -IGF-IR antibodies (43) . Likewise, IGF-IR is virtually ubiquitously expressed and blockade of IGF-IR may have systemic negative effects, particularly in tissues with rapid turnover, the cardiovascular system and the peripheral nervous system (44) .
In conclusion, we have shown here for the first time that IGF-IR expression is increased in human head and neck cancer and that IGF-IR signaling significantly influences the proliferation, motility, and tumorigenicity of human head and neck cancer cell lines. We have also shown that EGFR and IGF-IR functionally heterodimerize in this disease and have provided a basis for combined anti-receptor tyrosine kinase directed therapies. These novel findings justify the further exploration of targeting IGF-IR as a new therapeutic strategy against head and neck cancer. Immunohistochemical analysis of these sections for the proliferation marker PCNA showed that there is a significant decrease in the staining intensity of PCNA in A12-and C225-treated groups as compared with control. The decrease in PCNA is much more pronounced in A12 + C225^treated group (right).
